Introduction
Ultrasound is referred to as sound signal with frequencies above the upper limit of human audible range, i.e. 20 kHz. The modern study and usage of ultrasound is believed to originate from the underwater detection of Paul Langevin in 1917 (Mason, 1976) . Since then, ultrasound has taken an important role in a broad variety of applications including underwater sonar (Foote, 2008) , non-destructive testing (NDT) and evaluation (Thompson, 1985) , biomedical diagnosis and therapy (Duck, 1998) , and process industry (Hoyle, 1994) , and so on.
The generation of ultrasound waves for the first time by electromechanical transduction was based on the piezoelectric effect, which was discovered by Pierre and Jacques Curie in 1880 (Ballato, 1995) . With the piezoelectric effect, mechanical energy and electrical energy can be converted into each other. As one of the most commonly used mechanisms, the piezoelectric effect has been intensively put into practical applications to produce ultrasound with piezoelectric transducers. Such transducers have a great flexibility of either piezoelectric materials or structural modes. In the 20th century, metal oxide-based piezoelectric ceramics (Jaffe et al., 1971 ) and other man-made materials including single crystals (Ritter et al., 2000) , polymers (Fukada, 2000) , composites (Akdogan et al., 2005) and thin films (Lakin, 2005) have enabled designers to employ the piezoelectric effect in increasingly wide applications based on their specific properties.
As one of the important structural types, multiple layer or stacked transducers have been widely used for their specific benefits (Cochran & Hayward, 1999) . In these multiple layer piezoelectric ultrasonic transducers, layers are connected mechanically in series and electrically in parallel, which can generate high strain through the establishment of high electric fields at relatively low operating voltages with their lower electrical impedance compared to single layer structure. Fig. 1 is the schematic diagram of an adhesively-bonded three-layer piezoelectric ultrasonic transducer.
Fig. 1. Schematic diagram of a three-layer piezoelectric ultrasonic transducer
Fundamental work on multilayer structures has been carried out by several researchers (Sittig, 1967; Hossack & Auld, 1993) . The applications of multilayer structures have also been investigated in the area of medical ultrasound imaging. Multilayer piezoelectric ceramic structures for 2D array transducers were reported in 1994 (Goldberg & Smith, 1994) . It was found that the stacked structure has a better electrical impedance match and signal noise ratio (SNR) than the single layer. A multilayer PZT/polymer composite hybrid array was investigated in 1999 and it was concluded that the multilayer structure improved SNR and bandwidth (Mills & Smith, 1999) . Cofired resonators with the layer number, N, up to 20 was reported in 1996 (Greenstein & Kumar, 1996) . It was found the magnitude of the electrical impedance followed the relation 1/N of single layer, and the coupling coefficient k t remained relatively constant below 15 layers. Systematic studies of multilayer ultrasonic transducers with piezocomposites for low frequency applications have been carried out with investigating various prototypes and simulations (Cochran & Hayward, 1999; Cochran et al., 1997; Cochran et al., 1998) . In these work, the authors highlighted the advantages and the fabrication difficulties of the multilayer composite structures in specific low frequency applications, one of the difficulties being the bondlines. Multilayer ultrasonic transducers with non-uniform layer thicknesses have been studied with theoretical optimisation to improve their bandwidth (Abrar & Cochran, 2007) .
Excited by high electric field signals at their resonant frequencies, various losses in piezoelectric materials resulting in heat and temperature increase normally limit the practical applications of multilayer devices (Yao et al., 2000) . In practical high power operation, the dominant type of transducers are mass-spring-mass models, i.e. Langevin/Tonpilz transducers. These structures are free of adhesive bondlines subjected to tensile stress because adhesive bonds have low thermal conductivity, low Q m value, and low www.intechopen.com Investigation of elevated temperature effects on multiple layer piezoelectric ultrasonic transducers with adhesive bondlines by self-heating 25 maximum operating temperature. Different aspects such as loss effect, temperature rise, and self-heating mechanisms of piezoelectric devices have been studied on this topic, both on practical experiments (Robertson & Cochran, 2002; Dubus et al., 2002; Wehrsdorfer et al., 1995; Zheng et al., 1996) and theoretical analyses (Wang et al., 1996; Flint et al., 1995; Ye & Sun, 1997) . Heat generation in various types of multilayer PZT-based actuators was reported in 1996 and a simplified analytic method to evaluate the temperature rise was also developed (Zheng et al., 1996) . The phenomenology of mechanical, piezoelectric and dielectric losses was analyzed in 2001 (Uchino & Hirose, 2001) . It was also reported that how to measure these losses separately. A nonequilibrium thermodynamic model was developed in 2004, which couples irreversible mechanical, electric, and thermal processes, all contributing to dissipation (Xia & Hanagud, 2004) . It was verified that the dissipation nonlinearly depends on operating frequency, related to characteristic relaxation of irreversible processes. Generally, however, it is still difficult to accurately simulate the thermal property of multilayer piezoelectric devices for their complicated structural and material behaviors under dynamic excitation conditions. Experimental investigations into the dynamic and thermal properties of several Langevin/Tonpilz structures have been conducted from different aspects (Ochi et al., 1985; Yao et al., 2000; Zheng et al., 1996; Dubus et al., 2002; Pritchard et al., 2004) . For such typical multilayer piezoelectric devices, the frequency bandwidth under high level dynamic conditions is seriously limited. This disadvantage of traditional structures may be overcome to use a multilayer piezoelectric composite structure. But it has been found that this is infeasible for its practical manufacture procedure issues (Robertson & Cochran, 2002) .
To solve this problem, therefore, adhesively-bonded multilayer ultrasonic transducers have been suggested to be used for high power applications at relatively low frequencies. It is desired to investigate the thermal and mechanical behaviors of bondlines with newly developed adhesives in multilayer transducers under dynamic drive and self-heating conditions.
In this chapter, the behaviour of multilayer piezoelectric ultrasonic transducers with two typical adhesive bondlines under self-heating conditions is to be studied. The material characteristics of high Curie temperature piezoelectric cermaic, which was used to manufacture the multilayer structures, under different temperatures will be investigated. The effects of self-heating on temperature rise and mechanical output characteristics of adhesively-bonded multilayer ultrasonic transducers under various dynamic drive conditions are to be reported. Further investigation is also to be presented into the loss characteristics derived from measured time-temperature behaviour of multilayer piezoelectric ultrasonic transducers with adhesive bondlines, corresponding to stable temperature rises. In particular, the effect of the resultant higher temperature on the complete structures including the piezoelectric material and the adhesive bondlines will be considered. Various drive electric fields and the corresponding temperatures at resonant frequency will be reported too.
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Material and Experimental Characterizations
Ultrasonic transducers and other smart devices made from piezoelectric materials operated under self-heating or elevated temperature desire high Curie temperature piezoelectric materials. Lead metaniobate piezoelectric ceramic (PZ35, Ferroperm Piezoceramics A/S, Hejreskovvej 18A, DK-3490 Kvistgård, Denmark) has a higher Curie temperature around 500 ºC and therefore is approriate to elevated temperature applications. It also has very low width vibration mode. Its high loss properties compared to lead zirconate titanate (PZT) piezoceramic allow it to be manufactured into broadband ultrasonic transducers.
Two two-part epoxy adhesives were selected to bond multilayer structures here, RX771/HY1300 and silver-loaded epoxy. RX771/HY1300 (Robnor Resins Ltd, Swindon, UK) has commonly been used as the polymer in piezocomposite materials. It has low viscosity of 0.6-1.2 Pa s at 25°C prior to curing and is able to produce bondlines with thickness in the range of several microns (Wu el al., 2005) . Silver-loaded epoxy (Part No. 186-3616, RS Components Ltd, Corby, UK) is a highly viscous gray paste before curing, and often used to establish electrical contacts in electronic devices. The glass transition temperature T g of RX771/HY1300 is 60 °C after cured while silver-loaded epoxy has a maximum useful temperature of 150 °C after set, which offers a potential to overcome the disbond issue of multilayer structures resulted from the weak thermal characteristics of epoxy adhesive bondlines under elevated temperature.
The electrical impedance characteristics of the piezoelectric ultrasonic transducers were measured by Impedance Analyzer HP4192A (Agilent, Winnersh Triangle, Wokingham, Berkshire, UK). The surface displacement of the transducers was measured with a laser vibrometer system (Laser Vibrometer Controller OFV-2700-2 and Differential Fiber Optic Unit OFV-512, Polytec GmbH, Waldbronn, Germany).
Effects of Elevated Temperature on Piezoelectric Material Parameters
In oder to predict the effects of self-heating or elevated temperature on the multilayer piezoelectric transducers made from it, it is fundamentally crucial to consider its material constant variations with increased temperature beforehand.
For the characterization of piezoelectric materials, the standard method is normally used to analyze the electrical impedance resonant characteristics (ANSI/IEEE, 1987) . The Piezoelectric Resonance Analysis Program (PRAP, TASI Technical Software Inc., Kingston, Ontario, Canada) offers a quick convergent fitting and analysis process and a more accurate characterization of lossy piezoelectric materials such as lead metaniobate or piezoelectric polymers (Kwok et al., 1997) . Elevated temperature may enhance the loss mechanisms of piezoelectric materials (Sherrit et al., 1999) . Here the behaviour of lead metaniobate piezoelectric ceramic from ambient temperature to higher temperatures was investigated. Material parameters were precisely calculated by theoretical fitting and analysis with PRAP.
A lead metaniobate disc under thickness extensional vibration mode was studied here. The diameter and thickness are 12 mm and 0.7 mm respectively. When the measurements going www.intechopen.com Investigation of elevated temperature effects on multiple layer piezoelectric ultrasonic transducers with adhesive bondlines by self-heating 27 on, the lead metaniobate sample was put inside a temperature-controllable oven and connected outside with the HP4192A Impedance Analyzer through a short braided coax cable, which has 50 Ohm impedance and low attenuation over the studied frequency domain. A digital thermocouple meter was used to record the inside temperature of the oven. The electrical impedance resonant characteristics of the lead metaniobate sample were measured at 25 ºC, 40 ºC, 60 ºC, 80 ºC, and 100 ºC, respectively.
The basic theoretical model of the PRAP analysis package was developed (Smits, 1976; Sherrit et al., 1992) . The initial value of the elastic stiffness constant under constant displacement C 33 D * is calculated from Equations (1) and (2).
Here f p is the frequency where the real part of fZ(f) has a maximum, ρ and t are the density and thickness of the sample respectively, w is the ratio of the frequency difference between where the imaginary part of fZ(f) has the minimum and the maximum to f p , and * represents complex variants.
The imaginary part of all the material parameters represents the respective loss. Two arbitrary points at frequencies either side of f p along with the initial value for the elastic constant C 33 D * are used to calculate the electromechanical coupling constant K t * and the permittivity under constant strain ε 33 S * of the sample following Equation (3)
where, f and A are frequency and the sample electrode area respectively. The obtained values K t *, ε 33 S * and f p * can be used to calculated a new C 33 D * following the relationship of Equation (3). The process continues iteratively until the calculated results becoming convergent. The complex piezoelectric constant e 33 * can be calculated from Equation (4).
PRAP was used to fit and analyze the measured electrical impedance resonant characteristics. The magnitude and phase of the measured data and fitted results at 25 ºC, 60 ºC, and 100 ºC are shown in Fig. 2. From Fig. 2 , it is found that there is a good agreement between the fitted results and measured data. MHz to 2.07 MHz. Furthermore, Imag(f), which reflects the elastic damping characteristic, becomes greater with the higher temperatures. These are also reflected by the data in Fig. 2 . Because the thermal expansion effect of piezoelectric ceramics in the temperature range studied here is negligible (Takahashi et al., 1974) , the shift of f p is attributed to the thermal variation of sound velocity of lead metaniobate. This hypothesis is supported by the 10% reduction of C 33 D over the same temperature range. The sound velocity of lead metaniobate is a function of the elastic stiffness coefficient and density. Whilst the density was found to be temperature invariant, it can be seen from Table 1 that C 33 D has a value of 5.00×10 10 N/m 2 at 25 ºC but only 4.48×10 10 N/m 2 at 100 ºC. Increased temperature also caused increasing Imag(C). The sound velocity and the elastic damping changes are thought to result from the characteristic variation of the sound wave propagation in the material at various temperatures. The analyzed elastic constants of lead metaniobate presented here have a different trend from those reported data of PZT ceramics (Sherrit et al., 1999) , wherein the elastic compliance coefficients shifted downwards under higher temperatures. However the dielectric behaviour follows similar trends to that reported for PZT (Sherrit et al., 1999) and the authors observed that ε 33 S increases by 7% from 2.40×10 -9 F/m to 2.62×10 -9 F/m as temperature increases from 25 ºC to 100 ºC. K t and e 33 have changes less than 3% with the elevating temperature.
Self-heating Effects
Now that the stable elevated temperature effects on the piezoelectric material properties have been studied, in this section, the effects of self-heating and resulted stable temperature rise on multilayer piezoelectric transducers with adhesive bondlines are to be investigated. Two two-layer lead metaniobate transducers bonded with RX771/HY1300 and silver-loaded epoxy respectively were prepared. Each active layer of two-layer thickness extensional mode transducers has a lateral dimension of 20 mm square and thickness of 1.55 mm. After fabrication, the bondlines of RX771/HY1300 and silver-loaded epoxy have mean thicknesses of 10.4 μm and 104 μm respectively, which were determined by an acoustical fitting process (Wu et al., 2003) . A single-layer lead metaniobate transducer with the same lateral dimensions as the two layer transducers and the thickness of 1.49 mm was also prepared and tested. The thickness extensional vibration mode single layer transducer was used to compare to the multilayer structures, which is able to be used to justify various loss effects from the piezoelectric material and adhesive bondlines on the multilayer transducers.
A thermocouple was mounted near the centre of one major working surface of those samples, as shown in Fig. 3 , to measure its surface temperature, which connected to a digital meter (0.1 ºC resolution). The effect of this thermocouple on the transducer is considered to have been very minor and is neglected here. In each experiment, a stable temperature value was recorded two minutes after the electrical signal was applied.
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Fig. 3. Prototype of a two-layer lead metaniobate transducer
The surface displacement frequency response of the two multilayer transducers at ambient temperature was measured. The normalized surface displacement responses in frequency domain were obtained by the absolute displacement values dividing the maximum, 233 nm, of the two transducers under 50-cycle tone burst sinusoidal driving signal at fixed 200 V peak-peak level without self-heating, which are shown in Fig. 4 . The thickness extension within the frequency domain between 400 and 500 kHz is the dominant vibration mode for the both transducers, while the much lower peaks around 330 kHz represent the widthvibrational modes. Those around 1.45 MHz are the third harmonies of the thickness extension vibration mode of the multilayer transducers. Therefore the latter two vibration modes in the frequency range up to 1.8 MHz can simply be ignored. The multilayer transducer with silver-loaded epoxy bondline has the lower thickness extensional vibration mode resonant frequency, 419 kHz, than the one with RX771/HY1300, 496 kHz for their different bondlines and longitudinal ultrasound signal propagation time along the thickness direction. For a working ultrasonic transducer, the total electrical power supplied by the driver P T can be calculated as equation (5).
Here E is root of mean square (RMS) value of applied electric field, t E is the transducer thickness under applied electric field, η is the driving duty cycle, and R E the transducer's electrical resistance.
For the transducers studied here, operating in air, the radiated acoustic power is approximately zero because of the mismatch of acoustic impedance. Therefore P T is equal to the sum of the power losses, which comprise mechanical power loss, P M , and dielectric power loss, P D , resulting in heating and temperature rises. The power losses are a function of the stable temperature rise in Kelvin of the piezoelectric transducers under constant (zero) stress condition, δT, and the effective heat transfer constant, k H . Their relationships are shown as equation (6).
Here, δT=T-T A . T is the equilibrium temperature at the surface of the transducer, T A the ambient temperature. At resonance the power dissipation of a transducer is thought to be primarily due to the mechanical loss (Sherrit, 2001) . Under free load conditions, the relationships between P M , the mechanical loss resistance R M , the RMS displacement of the working surface, d, the driving frequency, f, and η is described as equation (7).
All the transducers reported in this chapter were tested in air by tone burst sinusoidal signals with different duty cycles. The drive frequencies of all the transducers were their measured resonant frequencies under longitudinal thickness extensional vibration mode without self-heating. The detailed excitation conditions are listed in 
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Excited by low duty cycles at resonance, the measured temperature and resonant frequency of all the transducers remain almost unchanged due to the low power and limited amplitude electric field. As shown in Fig. 5 , under no more than 1.2% duty cycle excitation, the resonant displacement of all the transducers has a nearly linear relationship with the driving electric field within the range up to around 160 V mm -1 . According to the relationships shown in equations (5) and (7), this indicates that the mechanical power loss is approximately proportional to the low amplitude driving power. It is also found that the displacement responses of the two layer transducers are approximately twice that of the single layer at a given electric field level indicating that under low power and ambient temperature conditions, the adhesive bondlines support the resonant vibration of multilayer structures very well. Fig. 5 . Measured displacement amplitude under various driving electric fields of the transducers (solid marks and thick lines, high duty cycle; hollow marks and thin lines, low duty cycle; circle, single layer transducer; triangle, two-layer transducer bonded with RX771/HY1300; square, two-layer transducer bonded with silver-loaded epoxy) Fig. 6 . Measured temperature characteristics under various driving electric fields of the transducers (solid marks and thick lines, high duty cycle; hollow marks and thin lines, low duty cycle; circle, single layer transducer; triangle, two-layer transducer bonded with RX771/HY1300; square, two-layer transducer bonded with silver-loaded epoxy)
With the duty cycle increased to above 20%, as shown in Fig. 6 , the temperature of the transducers rises from ambient to around 50 ºC with electric field increasing from below 30 www.intechopen.com Investigation of elevated temperature effects on multiple layer piezoelectric ultrasonic transducers with adhesive bondlines by self-heating 33
V·mm -1 to above 150 V mm -1 . According to equation (6), the elevated temperature is resulted from the higher excitation and power losses. For the single layer ceramic sample, as shown in Fig. 5 , the displacement response presents a decreased gradient with the high duty cycle excitation electric field increasing from approximately 50 V mm -1 to 155 V mm -1 , indicating that, at a given electric field, the displacement at high duty cycle is lower than at low duty cycle excitation. This is attributed to the variation of electrical impedance frequency characteristics of this ceramic with the elevated temperature resulting from high duty cycle driving as presented in the previous section. The peak displacement of the twolayer transducer with silver-loaded epoxy under high duty cycle excitation corresponds to an electric field of 86.5 V mm -1 . Above this value, the displacement decreases with the increased electric field and resulting in higher temperature above 38.8 ºC, which is due to the reduced elastic coefficient of the bondline. For the two layer transducer with RX771/HY1300, although its surface displacement increases with increasing electric field in the whole range covered in the present investigation, the value is reduced and is less than twice that of the single layer transducer under high duty cycle drive conditions. This is attributed to the lower elastic coefficient of RX771/HY1300 with increasing temperature, below its T g , and higher excitation amplitudes and power losses (Wu & Cochran, 2008) .
Loss Characteristics of Self-heating
In the previous section, the self-heating effects on the performance of multilayer piezoelectric ultrasonic transducers with adhesive bondlines have been investigated. In this section, further study is to be carried out to analyze the loss characteristics of self-heating.
The time-temperature characteristics of the single and two layer transducers, which have been introduced in the previous section, at resonances under different drive electric fields were measured and shown in Fig. 7 . As shown in Fig. 7 , the temperature rise of all transducers became stable less than five minutes after excitations applied. The stable temperature rise increases with the enhanced electric fields for all the piezoelectric ultrasonic transducers. The time-temperature behaviour of a piezoelectric device can be described by Equation (8) (Zheng et al., 1996) 
where ΔT(t s ) is the temperature rise of the piezoelectric device at the instantaneous time t s , and α the time constant. Using Equation (8), the theoretical exponential time-temperature characteristics of all the transducers under different electric fields were calculated with measured δT and fitted α and shown in Fig. 7 . Generally, the experimental results agree the theoretical data well but it is also found that the measured results rise steeper than theory at the beginning of the experiments. This indicates that more than one time constants are involved in the self-heating processes. Further accurate characterization of the whole selfheating process is proposed to be studied in the future work.
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The stable temperature rise δT, which is the function of loss, can be approximately expressed as equation (9) (Zheng et al., 1996) .
Here u the total loss of the actuator per unit volume and driving cycle, and v e the active volume of the actuator. A t and k(T) are the total surface area of the device and the overall heat transfer coefficient respectively.
The time constant α in Equation (8) is defined as
where v is the total volume of the device. c is the specific heat capacity of the actuator. In the present work, because the volume of the relatively thin bondlines was negligible compared to the piezoelectric material and no other material was present, v e = v then the function below is built up by dividing Equation (9) to Equation (10)
where the loss constant β = u/c. Since c is a constant for each specific material, β is proportional to u and is used to characterize the loss of drive signal in the piezoelectric devices, here relating only to the relevant piezoceramic used in this work. Using Equation (11), with measured δT, fitted α, density of lead metaniobate ρ, and driving signal frequency f, and duty cycle η, the loss constant β of the piezoelectric ultrasonic transducers is calculated to characterize their loss. The temperature and the normalized loss constant for each transducer versus surface displacement are shown in Fig 8. The normalized loss constant is calculated by loss constant β over the maximum of all the transducers under different drives. It is found that the normalized loss constant corresponds well with the temperature for all transducers as shown in Fig.8 . Under resonant drive conditions, the total loss is primarily due to the mechanical losses, although the ferroelectric hysteresis loss may become dominant under off-resonance drive conditions (Uchino & Hirose, 2001) . For the single-layer transducer and the transducer bonded with RX771/HY1300, the normalized loss constant and the temperature are increased with the enhanced surface displacement in the temperature range below 60 °C, i.e. T g of RX771/HY1300. The total loss and the temperature variation of these transducers are positive functions of the mechanical loss, related directly with the surface displacement. However, for the two-layer transducer with silver-loaded epoxy, the curves have turning points where the normalized loss constant and temperature are 0.47 and 41.6 °C, respectively. Above these values, the surface displacement (mechanical loss) drops down although the total loss and temperature are still increasing. The temperature has significantly affected the mechanical properties and the resonant frequency of this transducer. When the temperature above 41.6 °C, the transducer started to shift to off-resonance condition and the total loss characteristics started to vary off from resonance condition, which the authors believe this is because the silver-loaded bondline starts to soften though it can still bond the piezoceramics at even higher temperature (Wu & Cochran, 2010) .
Conclusion
In this chapter, the behaviour of adhesively-bonded multilayer piezoelectric ultrasonic transducers with two typical adhesives has been investigated under self-heating conditions. The material characteristic variation of high Curie temperature lead metaniobate piezoelectric cermaic, used to manufacture the multilayer structures, with different temperature were studied. The temperature rise and mechanical output characteristics of adhesively-bonded multilayer ultrasonic transducers resulted from self-heating under dynamic drive conditions were presented. Investigation has also been carried out into the loss characteristics derived from measured time-temperature behaviour of multilayer piezoelectric ultrasonic transducers with adhesive bondlines. It is concluded that elevated temperature changes the characteristics of the piezoelectric material in the same way, the dramatically different effects of self-heating and the elevated temperature on the www.intechopen.com
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performances of the multilayer transducers are still presented with the respective effects on the elastic characteristics of each adhesive bondline, and in turn the resonant characteristics of the whole structure to different degrees. 
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